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(57) Abstract: An ulva-high precision M3cc r2(iOi 
tncoipoiaung a novel design suiuble for 

applicatioms retiutringi liigh vdiage and vacuum is 
<fiscIosed bereia The stage comprises: a base (220); 
a frame auached to tbe base: a piaiform (240) v^ith a 
bouom platfonn surface (250): ai least three adjustable 
Umbs coupled to the baise and the bottom platform 
surface (250). each limb comprising a raising member 
(22(5) attached to the base, a first attachment member 
attached to the raising member, a ley (270). a honom 
end of the leg attached to the raising member, a second 
anachmem member anachod to a top end of the teg and 
the second attachment member attached to the nonom 
platfonn surface: and plau'orm movcmcm members 
coupled to the platfonn and the frame, providing 
precise positioning and movement of pbtform. Tbe 
attachmem nKmt)ers can be flexure joints: fun her. ibey 
can be flexural thrust Joints. The piriform can have 
six degrees of freedom of movement and accommodate 
waTers with dianneters uf 300 mm. The stage can weigh 
less than 100 lbs. 
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(57) Abstract: An ultra-high precision stage incorporaiing a novel, legged design suitahle far applicaiions requiring high volugc 
and x-acuum is disclosed herein. The stage comprises: a base: a frame attached to «hc base; a plat form with a hotiom platform surf jic: 
ai icasi three adjustable limbs coupled 10 the base and the hoiiom platform surface, each limh cumprisin^ a raising mcmhcr aiiachej 
CO the base, a firsi aiiachmem member attached to the raising member, a leg. a hotiom end 01 ihe leg aiucheJ 10 the rai>mg n^embe:. 
a second attachment member attached to a top end of the leg and the vcctmd attachment member attached to the ht>ii.>m plj:2orm 
surt'ucc; and platform movemem members coupled 10 ihc platform and the frame, providing preci>e po>itionmg and mi»venieni of 
the platform. The attachment members can be flexure joints: funher. ihcy can be llevural ihfu»i juintv. The plaifom^ can tuy^c 
decrees of freedom of movemem and accommodate v^-aferN with diameters of 3<K> mm. The stage cjn weigh L'v\ than lin^ lbs. 
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PRECISION STAGE 

Cross-Refcfcncc to Related Aoplicanons 

This application claims the benefit of U.S. Provisional Apphcaiion No. 60/ 163 .846 nied 
November 5. 1999. This application is related to co-pending U.S. patent application entitled 'Tlexural 
S Joint" by Martin E. Lee, Docket No. IDOO 1 1 US. Tiled on the same day as the present appltcatton. 

Background of the Invention 
Field of the Invention 

This invention relates to the field of precision stages, and in particular to stages compatible 
with high voltage and high vacuum, for use in multi-column chaiged panicle lithogiapby, test and 
1 0 inspection systems. 

Descrtptton of the Related Art 

Precision stages find many applications with steadily increasing precision requirements. In 
semiconduct(M^ capital equipment, for example, precision stages are required for carrying wafers 
during lidiography process steps. As the length scales of nhcroctrcuit features become smaller. 

15 modem lithography moves toward the use of higher resolution techniques, for example phase shift 
masks, extreme ultraviolet (EUV) systems, and high throughput charged particle beam lithography. 
With the overall trend toward smaller features, positioning requirements of the wafer (and a stage 
platform upon which it rests) relative to lithography optics have become increasingly stringent. 

Due to the comparative magnitudes of charged particle wavelengths and sub-micron features, 

20 charged particle (especially electrcMi) beam lithography is an important technique for realizing sub- 
micron feature sizes. However, in charged particle beam lithography systems, \*acuum and high 
voltage compatibility is an inherent design complication. 

In order to accelerate a charged particle beam, for example an electron beam, panicle beam 
lithography systems typically have electric potential differences (up to 100 kV) between different 

23 components. In many designs, a workpiece or wafer is held at a potential close to electrical ground 
and the electron source is at comparatively hjcher voltage. However, in some systems, the electron 
source is operated at a potential close to electrical ground, while the workpiece is held at compara- 
tively higher voltage. Such an electron source is described in U.S. Patent 5.637.951. 

A vacuum is also required withm the lithography device to allow the propagation ot* an 

30 electron beam. .\ high vacuum, wiih pressure of no more than lO*** Torr, !S r> pically required. Thus, m 
addition to providing the required precision. 2 stage :br electron beam lithography must be able to 
sustain high voltage diticrences between components and be suitable for operation under high vacuum 
conditions. 
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In regard to high voltage openbihr>\ many prior art prcc:siun stactrs compnsc scvcra. jiosc:;. 
coupled kinematic platfonns. An excmphr\- prior an device of this r.-pe is shown m FIG 1 . However. 
m a system where up to 100 kV potentui difference must be held off with no arcmg or other 
undesirable effects, close mechanical coupling of nominsulating components, such as illustrated in 
5 FIG. 1 . would be inappropriate. 

In regard to vacuum compatibility, many pnor art stages are inappropnate for use in a high 
vacuum due to bearing designs that are prone to out-gassing, generating paniculaies. or othemi'ise 
contamiiuting the vacuum system. In comparison to other bearmg types, ilexural bearings are very 
well-suited for use in vacuum, and allow smooth, precise, predictable motion of the stage. Such 

10 properties are discussed in detail by Alexander Sloctmi. "Precision Machine Design**. Prentice Hall. 
NJ, 1992. However, most prior an flexural beormgs are potentially unsuble when used as thrust 
bearings sim:e the flexural jomt is prone to distomon or buckling under compressive loads. Thus, in 
precision stage applications requiring vacuum compattbilit>\ there is a need for multiple degrees of 
freedom of movement flexural tfamsi joints. 

IS Further, for positioning systems requiring precision movement and short nmes to reach a 

sicady*state position (settling times) after each niovement. anention must be paid to perturbations that 
are insignificant for less precise systems. In order to optimize the mechanical subility of the stage 
under external impulses. vibrattMS or other mechanical perturbations, most prior an high precision 
lithography stages utilize massive, high tnenia elements. However, while a high inenia system tends 

20 to be mechanically stable, the reaction forces associated with moving a massive stage can degrade the 
accuracy and precision of the relati\-e positioning of the lithography optics and the work platform, 
unless a long sealing time is accepted. A combiiuition of careAtl isolation of the optics and addition of 
considerable mass to the optics mounts is required to overcome this problem. The resulting weight 
and volume of such devices is undesirable. It would be beneficial, then, to have a comparatively low- 

25 mass high precision suge that avoids these problems. Furthermore, such a low-mass stage would be 
well-suited for commercial lithography tools with their high throughput requirements, where frequent 
large accelerations and decelerations are required for rapid processing of the vvorkpiece. 

Therefore, especially for use in charged panicle lithography systems, there is a need for sugcs 
capable of maintaining high precision alignment with a reference ifor example the position of the 

30 lithography optics) while being vacuum compatible and capable of sustaining large voltage 
differences between elcmcnis. Such platforms should be coniinuously and smoothly movable over s;\ 
degrees of freedom of movement. Such platforms should also be capable of holding workpicccs wuh 
characteristic lengths of hundreds of millimeters, e.g. 300 mm silicon wafers. 
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Summary oi';hc ln\Tntion 

This inveniion mcludes 2 precision suuc mcorporaimg a novel. Icgjied desiini. Tn: sugc may 
be used in applications rcquinng high voluce and vacuum, such as charged panicle hthography. 
Accordmg 10 aspects of the inveniton. the stage compnses: a base: a trame attached to the base; a 
plattbrm with a bottom piaifonn surface: at least three adjustable limbs coupled to the base and the 
bottom platform sunbcc, each limb compnsing a raising member attached to the base, a first 
attachment member attached to the raismg member, a leg. a bonom end of the leg attached to the 
raising member, a second attachment member attached to a top end of the leg and the second 
attachment member attached to the bonom platform surface: and platform nK>vement members 
coupled to the platfonn and the irame. The anachmem members can have two or three degrees of 
freedom of moventent; they can be flexure jotnts: they can be flexural thrust joints. Furthermore, the 
first and second attachment members can be distttKt from each other, by the degrees of freedom or the 
type of jomt. The platform movement members can be acniators, and at least three actuators are 
provided for the platform. Further, they can be electromagnetic platform actuators* compnsing: a first 
coil attached to the platform: a first magnet assembly attached to the frame and electromagneucally 
coupled to the first coil: and. a current control system electrically coupled to the first coil. 
Furthermore, a cooling s>'stem and cooling channels can be thermally coupled to the component of the 
electromagnetic acniator atochcd to the platform, allowing for platform temperature control/o within 
+/- 0. 1 decrees C. The raising members can be a combinauon of elements, arranged in^parallei. 
chosen from: support elements, which provide a force to oppose the weight of the platform: raising 
actuators, which allow adjustment of the elevation of the platform relative to the base: and damping 
elements. The support elements can be constant force suppons, and the constant force supports can be 
buckled columns. The raising aciuaiors can be electromagnetic raising actuators, comprising: a scconJ 
coil attached to the base: a second magnet assembly attached to one of the first atuchmeni members 
and electromagneucally coupled to the second coil; and. a current controller coupled to the second 
coil. 

In pret'erred em'oodiments: the platfonn has six degrees of freedom of movement: the legs are 
substantially parallel to each other: the platfonn is capable of accommodating wafers wiih a diameter 
of ai least 100 mm: the platform and/or legs are made of substanuaiiy electrically insulating material, 
andor the frame is a vacuum chamber, such that a workpiecc can be hcid at up to 75 kV potenita: 
relative to the base and frame. The embodiment of the siaye capable of accommodating a 3fM> mm 
wafer can weigh less than 100 lbs. 

In a preferred embodiment, the siayc comprises: a baac: a frame attached to the base: 
piaiiorm wt:h a bottom plaiform surface: three sjbs:antul;y parallel adjustable limbs cojplcii to ihc 
base and ihr bottom platmm sur:as.c. each, iimo comDnsini: 2 rjibii^g ir.emhcr attached 10 :hc bJ^i^ 
v.herc :nc ruism-j: r^emlvjr :% r. :»>n:>:::::t lo::'.- :i:nnuri in nuraiici w::h cicciromacr.c::*: r::!*:-. 
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actuator, a first flexural thrus: lotni with three decrees ot* n-ccdom o: movement attached to the raising 
member, a leg. a bottom end of the leg attached to the itrst fle.\urai thnist jomt. a second tiexural 
thnist joint with two degrees of freedom of movement attached to a top end of the leg and the second 
flexural thrust jomi attached to the bottom platform surface; and four electromagneuc platform 
S actuators coupled to the pbtiorm and die frame, whereby coordinated operation of both raising 
actuatcns and pbtfcmn actuators provides precise posiuoning and movement of the platform with six 
degrees of freedom. 

Brief Description of the Figures 

FIG. 1 shows a prior an stage. 
1 0 FIG. 2A shows a preferred embodiment of the leg suge. 

FIG. 2B shows a cross-section through the leg stage of FIG. 2A. ui the verucal plane 
containing X-X\ and also shows a second platform movement member, a vacuum chamber, and 
charged particle optics. 

FIG. 2C shows a plan view of the platform, with wfcr and wafer chuck removed. 
15 FIG. 3 A shows a diagrammatic plan view of the platform mo\'ement member, showing 

magnet configuration. 

FIG* 38 shows a diagrammatic cross-sectional view of the platform movement member of 
Fig. 3A, along A-A\ showing relative placement of magnets and coil. 

FIG. 3C shows a plan view of the stage platform, showing the drive coils and a schematic 
20 representation of the current control system. 

FIG. 3D shows a plan view of the stage platform, showing the cooling lines and a schematic 
representation of the cooling circuit. 

FIG. 3£ is a schematic illustration of the superposition of the magnets and first coils. 

FIG. 4 shows a block diagram of a preferred embodiment of the electrical current control 

25 system. 

FIG. 5 is a diagrammatic illustration of a preferred embodiment of the stage sensors. 
FIG. 6.^ is a schematic representation of a raising member. 
FIG. 68 is a diagrammatic illustration of a first design of the raising actuator. 
FIG. 6C is a diagrammatic illustration of a second design of a raisine actuator, shown as a 
30 side view. 

FIG. 6D is a diagmmmatic illustration of a second design ot a raismg actuator, shoun as a top 

view. 

FIG. 7 shows a two decrees of freedom of movement flexural joint. 

FIG. S.A IS a diagrammatic pian view of an embodiment oi* a three decrees of freedom of 
35 movement Hexural lomi 
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FIG. SB shows a Uiagranimauc cross-sectiona! view of the second flexure hm^e trom FIG. 

SA. 

FIG. SC shows a ciagnmnuiic cross-sectiorul view of the first flexure hinge from FIG, SA, 

FIG. 9 A shows an exploded perspective view of a preterred embodiment of the three degrees 
5 of freedom of movcmcm flexuraljomu 

FIG. 9B shows a preferred embodiment of the three degrees of freedom of movement flexural 
joint with tilt of the leg axis. 

FIG. 9C shows a preterred embodiment of the three degrees of freedom of movement flexural 
joint with rotation about the leg axis. 
10 FIG. lOA shows an exploded p er sp ec t ive of an embodiment of a two degrees of freedom of 

movement flexural jomt. 

FIG. lOB shows an embodiment of a two degrees of freedom of movement tlexuraS joint With 
tilt of the leg axis. 

FIG. IOC shows an embodiment of a two degrees of freedom of movement flexural joint with 
1 S rotation about the leg axis. 

Detailed Description 

FIG. 2A shows a perspective of a preferred embodiment of this invention: \'anous compo- 
nents are not shown, for ease of illustration. In FIG. 2A^ stage 200. base 220. first attachment 
members 230, platform 240. wafer chuck 242, wafer 244« bonom platform surface 2S0« second 

20 atuchment members 260. legs 270, platform axes 280, raising members 285, and platform movement 
members 290 are shown. FIG. 2B shows a cross-sectim through the leg stage. In FIG. 23, frame 2 10 
(shown here as a xicuum chamber), vacuum pump 215. base 220. flrst attachment members 230. 
second atuchment members 260. legs 270. platform xxes 2S0, raising members 285. platform 
movement members 290. and charged panicle*opttcs 295 are shown. FIG. 2C shows the platform with 

25 wafer and wafer chuck removed. In FIG. 2C. platform beams 245. platform actuator carriers 246. 
carrier holes 247, wafer chuck support 248 and leg brackets 249 are shown. 

In the embodiment shown in FIG. 2A. first attachment members 230 arc coupled to raising 
members 2S5 and to the bottom ends of legs 270. The raising members arc coupled to the base 220. 
The legs support platform 240 and the top ends of legs 270 arc coupled to bonom platform surface 

30 250 by second attachment members 260. Platform movement member 290 is coupled to the plattbrm. 
In preferred embodiments the legs are substantially parallel to each other. 

In FIG. 2B frame 210 is vacuum-scaled and coupled to a laboratory floor, through base 220, 
In alternate embodiments, some vibration isolation may be provided between the frame and the 
laboratory iloor. Vacuum pump 215 is connected to vacuum-scaled frame 210. allowing effective 

35 evacuation of the vacuum-sealed frame (reaching high vacuum). Charged particle optics 295 is 



wo 01/332J2 PCT/l'S«0/4l»JrJ 



mechanicatly coupled to the vacuum-scaled tninc 210 The charged panic!e optics can be used to 
generate and control s beam or beams oi' c'narucc panicles, directed onto the suge. 

The water chuck 242 will rcQpire a high voluge supply. Most embodiments will have a high 
voltage supply tnot showni external to the stage: thtis requiring a high vohage connector (not showni 
5 between the stage and supply. In the case where the frame is vacuum^sealed« the connector will need 
to be vacuum compatible and the high voltage supply may conveniently be placed outside the 
vacutmi-sealed fiame. The coimecior can be attached lo the wafer chuck nom below in such a way as 
to avoid contact with the legs 270 during motion and care must be taken when designmg the 
coimecttM- to imntmize the transfer of mechanical impulses and vibrations along the coimector. 

10 In FIG. 2C the construction of platform 240 is shown in detail for a particular embodiment. 

The piatftMrm actuator carriers 246 and the wafer chuck support 248 are attached to the platform 
beanu 24S. The leg brackets 249 are attached to die wafer chuck support 248: the legs 270 may be 
attached to leg brackets 249 by second anachment members 260. 

Stage 200 is a device providing a work platfonm positionable to high precision. When coupled 

IS to a computer control system including position sensors, such as a laser tnierferometer« stage 200 can 
provide controllable positioning of platform 240 such that a point on the platform can be positioned to 
within at least a micrometer relative to a reference position, such as the position of lithography optics 
295. In most embodiments, platform 240 has six degrees of freedom of movement. In reference to the 
coordinate system shown in FIG. 2A, the plattorm may translate along three axes (x. y, z) and rotate 

20 about each axis (6«. 8y« 6s). While the platform has six d egrees of ireedom of movement, it is 
noteworthy that the motions of the platform are over a range determined by the length of legs 270. and 
the range of movement of platform movemem member 290 and raising members 285. Hereinafter, the 
stage according to this invention may be referred to equivalently as a *leg stage\ due to its novel 
legged configuranon. Note that in a preferred embodiment the platfom) movement members 290 

25 principally control movement in x. y and 6z and the raising members 2S5 principally control 
movement in z. 8« and 6«. 

In FIG. 2A, legs 270 act as supporting elements for the weight of platfoxm 240. In addition, 
the legs are also adx'aniaceous for ciecnrical isolanon in embodiments of the invention where there are 
large differences in cicctncal potential between elements. In embodiments where a high voltage 

30 workptece rests on the platform, the legs may act to isolate the hieh voltage workpicce from other 
elements of siaiie 200 if the legs arc constructed of substantially clecincally msulating maicnal. In 
other embodiTnenis. additional electrical isolation of the workpicce may be accomplished by 
constructmg the platform of substantially eleciricany insulating materia!, such as slumina-based 
ceramic: more specifically, the platform beams 2-5. platform actuator carriers 246 and wafer chuck 

35 suppon 24S shown in FIG. 2C may be fabncaicJ «^f insulating naienal. Positionmu: platibmri 
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movctntni members 290 away iVom ihc ccnicr of the plaifonn, where the high voltage wcvfepiece may 
he. li also an aspect of electncai isolation in a preferred embodiment. 

In FIG. 2A. plaiform 240 is free to move relative to frame 210. An aspect of the motion ts 
accompbshed with platform movement member 290. 
3 For lithography applications of stage 200 a wafer chuck 242. which is part of platform 240. is 

used to hold a wafer 244 dunng lithographic processing. 

The use of lightweight materials such as alumina-bised ceramic for constructing the stage 
platform 240 and legs 270. is an important contribution to achievmg a low-mass high precision stage: 
desigr) IS also opumized to reduce weighty for example the alumina legs may be hollow, the alumina 
10 platform beams 245 may be 'U' shaped in cross-section and the alumina platform actuator carriers 
246 may have carrier holes 247. The embodiment shown in FIG. 2C shows such a lightweight design. 

FIGS. 3 A • 3£ illustrate platform movement members 290 for a preferred embodiment of this 
invention. The platform movement members provide ccmtrollable planar motion of platform 240 
relative to frame 210. In a preferred embodiment shown in FIGS. 3A - 3E the platform movement 
15 members are comprised of four pbtform actuators, more specifically four electromagnetic platform 
actuators. 

In FIG. 3A, frame 210, platform 240. magnets 330 and magnet supports 335 are shown. FIG. 
3B is a cross-sectional view from the plane AA' of FIG. 3A. In FIG 38. frame 210, platform240. first 
coil 310. cooling channels 325, magnets 330. magnet supports 335 and electronugnetic .pbtfomi 

20 actuator 337 are showTi. FIGS. 3C and 3D show plan views of systems integral to the platfoim 
movement member for a prel'crred embodiment. In FIG. 3C. pbtform 240. current control s>*stcm 340, 
first coils 310 and first coil connecting cables 316 arc shown. In FIG. 3D. platform 240. cooling 
channels 325 and cooling system 350 are shov\Ti. In FIG. 3E. one of first coils 310, first coil 
connecting cable 316. magnets 330, first coil leg 312. second coil leg 314 and magnet dimension 322 

25 are shown. 

In FIGS. 3.A and 3B magnets 330 are attached to magnet supports 335. with N and S poles 
placed so as to form nugnetic circuits accordmg to well-known principles: this magnet configuration 
and magnet support together arc refenred to as a first magnet assembly. The magnet supports are 
anached to frame 210. First coils 310 are anached to platfomi 240 and are electrically coupled to 
30 current conaol system 540 (sec FIG. 3C). The fiow of electrical charge through the first coils in the 
presence of a magnetic field due to the first magnet assembly results in a Lorentz force (dF=IdlXB, 
where dF ts a differential Lorentz force exerted by magnetic field B on a ditTerential first coil element 
dl carrying electrical current I) bemg e.xened on :hc first coils by the magnetic field. Since the firsi 
^ coils arc attached lo the piaifbrm. continuous and finely controllable planar (.\. y) motion of ihc 

35 platform relative to the iranic may be accomplished by precise control of the electrical currents in 
selected iini coiU DiiVercnitai control oi ir.^ ciectr:cai currents .supplied to the coils may also allow 
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rotation of the platfonn about the 2 axis. It is notewonhy that difierent magnet assemblies and 
corresponding lirsi coils may coniam difTcreniiy sized magnets and first coils, or cany difterent 
electncal currents. The sizes and positionmg of the magnets, first coils, and the magnitude of the 
electncal cunent flowing through the first coils are detennined by the foice and travel requirements in 
a pameulardirecaon of motion. 

no. 3C illustrates a configurauon of first coils 3 10 on platform 240 accofdmg to aspects of 
this invention. For the particular embodiment in FIG. 3C. the configuration of first coils 310 
minimizes the magnetie tleld strength at the center of platform 240. As described above, attention to 
the magnetic field strength over the platform is important in embodiments where the platform is an 
element m a charged panicle lithography system. In such systems, stray magnetic fields can act to 
deflect die charged particles and may comipi desired patterns fonned by the charged panicles in a 
resist material: it may be necessary to introduce some magnetic shielding (not shown) to keep stray 
magnetic field strength within acceptable hmits. In embodiments of the leg stage 200 where stray 
magnetic fields are insignificant, it may be advantageous to arrange the first coils on the platfonn 
diflferently than shown in TO. 3C. For example, the first coiU could be ananged in a minor image 
configurauon, such that like-sized coiU Uce each other, rather than being diametrically opposed as in 
HG. 3C: also coils could be ananged so as to minhnize the moment about the center of gravity of the 
stage. 

The electrical resistances of first coik 3 10 dissipate a fraction of the electrical energy supplied 
to them, convening it to sensible heat Cboling system 350 removes heat generated by the first coils, 
maintaining a desired reference lemperanire at the center of the platfonn to within better than */. 0. 1 
degrees Celsius. The cooling system 350 may comprise closed circuit channeb for flow of coolant a 
pump, and a device for regulating the temperanire of die coolant. Coolant channels 325 according to 
an exemplaiy embodiment are shown in HG. 3D. Other cooling techniques are readily apparent to 
those skilled in the an. 

In most embodiments die cunent control system 340 and cooling system 350 may 
convenientiy be placed outside the &ame 210. In the case where the frame 210 is vacuum-sealed, the 
coolant channels 325 and first coil connecting cables 316 will need to be vacuum compatible. Tlie 
channels and cables can be attached .o the wafer chuck from below in such a way as to avoid 
compromising the motion of legs 270 during movement of the stage. Care must be taken when 
designing the channels and cables to minimize the transfer of mechanical impulses and vibrations 
along the channels and cables. 

FIG. 3E shoix-s the supenwsition of the magncis 330 and first coil 310. The motive force on 
the coils IS the Lorentz force acting on the electrons flowing in the first and second coil legs. From 
FIG. 3E. It IS apparem that the Lorcaiz tbrces on opposing first coil legs 312 will substantially cancel 
each other. This is the case smcc ihe currcn: paths m the opposing first coil legs, wh.ch arc acted upon 
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by like magnetic fields, arc in opposue direaions. Therefore, the range of motion of the coils rciaii v? 
lo the magnets is determined by width 322, It is noteworthy that ihc exemplary embodimcni shou-n in 
FIG. 3E IS a non-commutaied motor. In apphcaiions requiring limited ranges oi* motion, non- 
commuiated motors are prcfertgl However, m applications that require much larger ranges of motion. 
5 commuiated linear electromagnetic motors, which are well-known in the aru may be used. 

For embodiments m which the platform movement members are linear actuators, then a 
mmimum of three such actuators will be needed to provide motion with three degrees of freedom, as 
discussed above. 

FIG. 4 shows a block diagram of a preferred embodiment of current control system 3^ as an 
10 integrated control system for stage 200 (sec FIG. 2A, FIG. 3C and FIG. 6B). In RG, 4. cufteni control 
system 340, trajectory generator 360. conversion matrix 362. feedforward controller 364, feedback 
controller 366, gravity compensator 368, predictor 370. adder and stecnng matrix 372, euirent 
aiTq>lirier$ 374. stage sensors 380 and si^e actuators 390 are shown. The stage acmators compnsc 
platform movement member 290 and raising actuators 430 (see FIG. 2A). 
15 Current control system 340 comprises a control system that receives stage position data from 

stage sensors 380 as input and delivers driving electrical currents for stage acmators 390 as output 
The direction of information flow is indicated in FIG. 4, 

Current control system 340 receives data input from stage sensors 380, and converts the data 
into (X, y. z, 0*, 9y. 6,) coordinates, representing the sensed position of the stage, by conversion manix 
20 362. TTiese values are sent to gravity compensator 368, feedback controller 366 and predictor 370. 
Trajectory generator 360 specifics desired coordinates (x, y, z, 6,. 9.. 8^) as a function of time from 
stored \-alues. These sets of values are sent to feedforward controller 364 and feedback controller 366. 

As described, sets of coordinates for the actual and sensed positions are fed into feedback 
conn-oUcr 366, which compares the desired position with the sensed position and calculates corrective 
25 signals to adjust the position of the stage. Trajectory generator coordinates are input to fcedfor>*'ard 
controller 364, which deicrmines the platform acceleration and generates corrective signals lo dnve 
the platform lo the desired coordinates. In particular embodiments, the feedforward conn-oiler may be 
adaptive, in which case input is received from the conversion matrix 362. Gravity compensator 36S 
receives sensed coordinates and generates signals compensating for the invened pendulum behavior 
30 of platform 240. The compensator 368 can be considered as part of the feedforu-ard controller 364. 
Predictor 370 receives sensed coordinates and generates signals to a exiting detlcction system lo 
anticipate the position of platform 240 so that lithographic patterns can be correctly placed. 

In FIG 4, if feedforward conn-oUer 364 ts accurate, then feedback contt-oller 366 will generate 
null corrective signals. Oiherwise. corrective control signals are combined and signals sent to current 
35 amplifiers 374 are generated by adder and sieenng man-ix 372. The current amplifiers generate 
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currenis propontonal to the control sitniais tbr dhvini; stage actuators 390. It is noteworthy that, since 
the process of position sensing takes time, there is a predictable error between the actual position of 
pianorm 240 and its sensed position at any time. This error is to overtome by predictor 370 
anticipating the position of the platform 240. .^Iso noteworthy is that current control <as opposed to 
5 voltage control) of the stage actuators in particular embodiments may provide vibration isolation for 
the stage. 

FIG. 5 shows a preterred embodiment of stage sensors 3S0. In HG 5. laser interferometers 
3S2. laser beams 384. reflective side suriiBccs 383. rctlccuve top sur&ce 386, plaubrm center 3SS. and 
laser triangulators 383 are shoi^-n. Platform center 388. where a wafer may be placed, is not reflective. 
10 In a preferred embodiment, reflective top and side surfaces 386 and 385. respectively, are formed of 
one piece of material such as quartz or Zerodur ^ glass and arc integral to platform 240 and all 
interferometers 382 and triangulators 383 are attached to a common si^>poa structure (not shown). 
The suppon structure, in turn, is rigidly attached to the chatted particle optics (sec 295 in FIG. 2B). In 
a preferred embodiment the one piece of materia) forming 385 and 386 is relieved on the backside m 
1 5 order to reduce the weight of the stage. 

In FIG. 5. laser interferometers 382 generate laser beams 384, which are reflected otT the 
reflective side surfaces 385 of wfer chuck 242 (see FIG. 2A). The reflected laser beam generates an 
interference panem upon combination with the incident beam, which allows changes in the position of 
the plattbrm 240 to be accurately detennined. Laser criangulatcn 383 provide a measure of the 
20 absolute distance between the tnangulator and the reflective top surface 386 of platform 240. The 
platform position is determined relative to the suppon structure lo which all of the interferometers and 
triangulators are anached, and hence to the charged particle optics. 

In order to determine the starting position of the platform in the honzontal plane, from which 
relative motion is measured using the interferometers, an alignment procedure between the platform 
25 and lithography optics must be followed. There are various alignment procedures that are well known 
to those skilled in the art ot* semiconductor lithography, that may be used here. 

As illusnraicd in FIG. 2A. platfomi 240 is attached to base 220 by legs 270 and the base is 
fixed to frame 210. In the embodiment shoun in FIG. 2A. as platform movement members 290 
aaiculatc the platform relative to chc frame, a change in an elevation of the platform relative to the 
30 base results since the legs have a constant length. To compensate for this change in the platrorm 
elevation. stai;e 200 incorporates platiorm-raism!: members. .Mso, differential actuation of the 
platform raising members may result in rotations ot the pbabrm about the x and y platform axes ISO. 

FIG. OA IS a schematic of an embodiment of a raisinu member. In FIG. 6.\, one of leus 27o, 
base 220, first attachment member 230. raising member 285. support element 410. dampme ciemcni 
35 420. and raising actuator 430 are shown. In FIG. OA. raising member 2S5, suppon clemeni 4 In. 
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damping element 420. and raismi: aciuator 430 are anached to the base and the suachmen: member. In 
one such embodiment the base is coupled to the laboraion* fjoor inot show-ni 

in the panicutar embodiment shown in FIG. 6A. suppon element 4I0 provides a iupponinc 
force that is dependent on the separation between first attachment member 230 and base 220. In 
5 general, a force provided by the support element may enhance the control penbnnance of the raising 
actuator by reducing the load that the raising actuator is required to carry. Damping element 420 
provides a force m opposiuon to relative motions of the atuchmem member and base proponiona! to 
a time rate of change of their relative positions. In this embodiment, the suppon element and the 
damping dement are passive. Raising actuator 430 is an active and controllable clement in 

10 combination with a computer control system (not shown). FIG. bA shows the case where motion is 
allowed in the z direction and constrained in all other directions. When the raising members arc 
constrained to move linearly, then there will need u> be at least 3 legs, with one such raising member 
attached to each leg. in order to give monon with three degrees of freedom, as described above. 

In alternate embodiments, support element 410 may provide a supporting force that is 

13 independent of the separation between first attachment member 230 and base 220 (a constant force 
support). The suppon elenmit and damping element may also be a single element such as a visco- 
elastic beam. In a prefetred embodiment, the suppon element and damping element are^a single 
element comprising elastic structures loaded to a degree approaching a point of elastic subiUiy (e.g. a 
buckled colunrm), as taught in U.S. Patent 5,310,157. A low structural stiffness m this preferred 

20 embodiment may also be advantageous with respect to isolation of platform 240 from vibration. 
Alternative embodiments may consist simply of a raising actuator, a suppon element and raising 
actuator in paralleL or a damping element and a raismg actuator in parallel. 

FIG. 6B shows an embodiment of the raising actuator where the raising actuator is an 
elecu-omagneiic raismg actuator. In FIG. 6B, one of legs 270, base 220. first attachment member 230. 

25 raising acniaior 430, second magnet suppon 440. second magnets 450. second coil 4d0, ciecincai 
cables 3 1 7 and curreni conrroi system 340 are shown. 

In FIG. 6B. raising actuator 430 is attached to the base 220 and first aiuchmcnt member 230. 
In one such embodiment base 220 may be coupled to the laboratory- floor (not shoxvn). Second 
magnets 450 are attached to second magnet suppon 440, with N and S poles placed so as to I'orm a 

30 magnetic circuit according to well known principles: this magnet configuration and magnet support 
together are referred to as a first magnet assembly. The magnet suppon 440 is atiached ro firs; 
attachment member 230. Second coil 460 is attached to the base and is electrically coupled b> 
electrical cables 317 lo current control system 340. .Accordme to well-known principles described 
above, the clecn-ical currents m t.he coil result m a Lorentz lorce beiny excned on the at:2*:hmen'. 

35 member by the magnetic tleld. Thus, continuous and fir.eiy coniriiliahlc motion of one of icui 2"** 
relative to the base is Uvcomplished by precise control uf :hr e:ectnc:il cu.Ten:s :n the .Kejonii j.v! T::.- 



wo 01/33232 



l*CT.'tSiM>'4ll«* 



-12- 

control of the electrical cuirents in the coils is provided as described above tsee FIG. In 
combination with platform movement member 290. the raising actuators allow precise posittomni: and 
movement of platform 240 (see FIG. 2). 

FIGS. 6C and 6D showonottaer embodmient of raising member 285. In FIGS. 6C and 6D the 
5 raising actuator is a voice coil acnator. In FIGS. 6C and 6D, base 220. voice coil magnet 5 10. voice 
coil 520, shaft 530. thin beam 540, rigid support 550. electrical cables 317 and current control system 
340 are shown. 

In FIG. 6C. the raising acuiator is attached to base 220 and compnses voice coil magnet 510 
and voice coil 520. The voice coil is attached to shaft 530. Shaft 530 is coupled to first anachmcni 

10 member 230 (not shown). Thin beams 540 are attached to a rigid support 550, which is attached <o the 
base. The shaft 530 passes thnnigh thin beams 540, but is not fixed to them. 

Refetring to FIG. 6C. voice coil 520 moves in the z direction when an electric current tlovvs 
through it The currem passing through coil 520 is controUed by current control system 340 m a 
manner similar to that described above. Movement of the shaft is constrained in all but the z direction 

1 5 by flexible thin beams 540 and rigid support 550. A spring (not shown) may be incorporated between 
the voice coil magnet and the thin beams, the spring axis coaxial with shaft 530. 

A preferred embodiment of the raising member is a Nano-k^ vibration isolator model no. 
SP1014 and serial numbers 317, 31S and 319 fabricated by Minus k Technology, Inc.. which is 
abricatcd using the designs and teaching in US patents 5,178,357 5.310,157 5.370J52 5J90.892 

20 5.549270 5,669 J94 5,794.909 and 5,833.204 incorporated by reference herein, combined in parallel 
with a BEI Electrmtcs moving coil actuator model no. LA25-42-000A, which is fabricated using the 
designs and teaching in US patent 5 J45Ji06 incorporated by reference herein. Note that the use of a 
metallic coil carrier in the moving coil acniator may provide more than the desired amount of 
damping, due to Eddy current induction in the carrier, in such cases a noiirmetallic coil carrier can be 

25 used to eliminate this undesired damping. This preferred embodiment of the raising member is a verv' 
low spring constant support providing horironial guidance, which also has a very low natural 
frequency of motion in the vertical direction, hence providing good vibration isolation. This preferred 
embodiment of the raising member also has an adjustable spring rate for vertical motion, allowing the 
nanjral frequency of the suge to be minimized under varying operating conditions. For example, m 

30 some embodimenis there is an ciccn-osiaiic force of attraction between the water and the charged 
particle optics: this force varies non-linearly with separation of the wafer and charged particle optics; 
this can be compensated for by changing die spnne rate as the separation varies. 

As shown in FIG. 2A, the motion of platform 240 is constrained by tlrst atiachmcni members 
230 and second attachment members 260 at opposite ends of legs 270. In different embodiments o: 

35 this invention, firsi attachment members 230 and second aiiachment members 260 may hav- cither 
two or three degrees of freedom of movement. In preferred emboiiimcnis. the attachment memocr. 
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and second attachmcni members arc llcxurat jomis. Ficxurai jojnis are well-known m the art ;o nc 
capable of smooth, commuous and ht«:hiy rcpeatable motion. 

FIG. 7 shows a preferred embodimeni of a two degrees of freedom of movement tlexural 
joint. The llcxural jomi shoxx-n m FIG. 7 is suitable as a tlrsi anachmeni member 230 or second 
attachment member 260. In FIG. ?, tlrsi jomi element 610. second jomi element 620. third joint 
clement 630. first flexure strip 640. second ilexure sinp 650. first flex axis 660, second ticx xxis 670. 
flexure strip fastener holes 680 and notches 6S5 are shown. 

In FIG. 7. flexure stnps 640 and 650 are held in place unih festcncrs <noi shown) insencd in 
holes 680. The notches 685 run parallel to the grooves into which the flexure stnps arc inserted: the 
fasteners apply pressure to the walls of the notches 685, thereby holdmg the flexures in place in their 
grooves with the force distributed over the area of the flexure in contact w ith the wall of the groove. 
First joint element 610 and second joint element 620 are coupled by first flexure strip 640, defining 
first flex axis 660. Similarly, second joint element 620 and third joint element 630 are coupled hv 
second flexure strip 650, defining second flex xxis 670. The first and second flex axes arc axes about 
which hinge-ltke motion of the joint elements and coiuiecung flex strips may occur In a preferred 
embodiment the first and second flex axes are orthogonal. In prefeired embodifnents. the first joint 
, element is rigidly affixed to bonom platfonn surtace 650 and third joint element 630 is rigidly atTixed 

™« legs 270. In preferred embodiments, the first flexure stnps and second flexure strips may 
have a thickness of about 0.010 inches and be made of spring steel, or beryllium/copper alloy, or 
20 ASTM grade 304 stainless steel. 

As described above, raising actuators 285 are capable of changing the elevation of platform 
240 relative to base 210 (see FIG. 2A). To accomplish a raising monon in a preferred embodimeni, 
first attachment members 230 carT\- a thrusting force. First attachment members 230 may also have 
three degrees of freedom of movement. A two degrees of freedom of movement flcxural beanng such 
25 as that iUustraied in FIG. 7 may not only lack a desired degree of freedom of movement, but also may 
be inadequate as a thrust bearing since the flexurai joint is prone to distortion or buckling. It i> 
notewonhy. however, that first flexure strip 640 and second flexure strip 650 (sec FIG. 7) may he 
made stiff and shon. This may allow the joint to perform acceptably under compression. 

FIG. SA shows a diacrammaiic plan view of an embodiment of a three degrees of freedom of 
movement flexurai joint. In FIG. S.-V three decree of irecdom of movement flexurai jomi TOO. Mr?i 
joint element 710. .second jomt clement 720. third joint element 730. second ne.xure> 740. f:rsi 
flexures 750, second flex axis 760. flrst flex a.\is 770. third ilex x\is 7S0. and fasteners TOO zrt 
shown. Note that the iiriii and second flex axes are axes abuji uhich hingclikc motion of ihc ..oini 
elements and associated flexures may occur: rotation about the third flc.\ axis is due lo twisiin- 
. y 35 either the first, second or firs? and second flexures 
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In FIG. SA. tirst joint dement Tin and third join: airmen: are coupled b> second ilexurcs 
740. Likewise, third joint element T50 and second ;oint e-emcni "Zii arc ;;oupled by first tlexuirs T50 
This results in three degrees of t'reeddm ot movement tor rotations about the second ilex axis 760. 
first flex xxis 770, and third flex axis 780. which in this embodiment are all onhogonal. It is 
noteworthy that the three degrees of freedom of movement tlexural jomi according to this mvention 
comprises only two flexure hmges. In a preienrcd embodiment, the three deerce-of-irecdom of 
movement flexural joint may be fastened to base 220 \vi:h fasteners 790 and ngtdly affixed to one of 
legs 270 (see FIG. 2A). Note that the first joint element 710 may be spaced from the base to which it 
is attached in order to allow hingmg motion of the joint mot shown). 

FIG. SB and FIG. 8C show cross-seciional views of one of second flexure 740 and first 
flexure 750. respectively. In RG. SB and FIG. SC. first joint element 710. second jomt element 720. 
third joint element 730, second flexure strip 705, first flexure smp 715. listeners 725, caps 735 and 
one of legs 270 are shown. 

In FIG. SB. first joint clcmeni 710 and third jomt element 730 arc coupled by second flexure 
strip 705. The second flexure strip is anached to the first and third jomt elements by strip fasteners 
725, forming second flexure 740. The cap 735 is used to spread the force from the fasteners evenly 
over the end of the flexure. Similarly, FIG. SC shows second joint element 720 and third joint element 
730 coupled by first flexure strip 715. The first fle.xure strip is auachcd to the second and third joint 
elements by strip fasteners 725, forming first flexure 750. Tnc cap 735 is used to spread the force 
from the fesieners evenly over the end of the flexure. It can be appreciated from nG. SB and FIG SC 
that the second flexure strips 705 and first flexure scnps 715 undergo tensile stresses when three 
degrees of freedom of movement flexural joint 700 transmits thrust to leg 270 from raising member 
285 attached to first joint element 710. It is noteworthy in FIG. SB and HC. SC that the lengths, 
stiffeess and other characterisucs of the first and second flexure strips may be diflerent within a 
particular embodiment. In preferred embodiments, the flexure snips have a thickness of about 0.010 
inches and may be made of spring steel, or ber> llium/coppcr alloy, or ASTM grade 304 stainless steel. 

FIG. 9A shows an exploded perspective view of a prefenred embodiment of the three degrees 
of freedom of movement flexural joint In FIG. 9A. first jomt element SIO. fastener clearance holes 
S12, first flexure smp arachment surfaces 814, first load bearing surface SI6. first direction SIS. 
second joint element 820. second flexure attachment surfaces 824. second load beanng surface 826. 
second direction 828. third joint clement S30. upper third rlcxure attachment surfaces S33 and lower 
third flexure attachment surfaces 835 are shown. Flexure strips and fastening means are omineJ from 
FIG. 9.^ for the sake ofclarm-. 

In a t\'pical embodiment, iirsi joint eicmeni N!u is coupled to raism- member 285 csce FIG. 
2,\). Second joint element 820 is coupied to one of Icl-s ^nd jIso to third lomt clement hv fwu 
first flexure stripo. The third ioinr e!emer: y?^; counlcc l^^.y second lievtire -vlnps lo :he Mr; 
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cicmcnt SIO The le:: coupled to ihc :iJConc ;o;r.; c*xm*cr.: ^2u pasie? through ihc centers of* each 
ot the joint elements. All ilcxure s:r:pi are secured nn ;:e\ure 5inp aiischmeni surfaces SZ4. S3? 
and S3 5. The um load heann!: surface Slo is the bottom sunace of first joint element SIO; the load 
bearins surface contacts raismg member 2S5 in a r/ptca: em'Dodiment. The t'trst direction SIS is the 
dircctton normal to the first load bcann^ sunace. The. second load beanng surface S26 is the recessed 
surrace of second joint element S20, upon which le;; 2T0 s.ts in a typical embodiment. The second 
direction S2S ts the direction normal to the second load beanns surface. The second direction is 
opposite to the Tirst direction. 

FIG. 9B shows a prefenred embodiment of ihe three degrees of freedom of movement flcxural 
joint with tilt of the leg axis. In FIG. 9B. first joint element SiO. second joint clement S20, third joint 
element 830, first flexure strip attachment sun'ace S14. caps SI5, fasteners 817. first flexure strips 
S22, second flexure strip attachment surface 824. upper third flexure attachment surface 833- lower 
third flexure attachment surface 835 and leg x\is 865 arc 5ho^^^^. Leg 270 and second flexure stnps 
S34« along with their caps and fasteners* are ommed for the sake of clanty. 

In FIG. 9B. the joint eiemenu arc connected as described above for FIG. 9A. In addition, first 
flexure strip 822 is fastened on second flexure strip attachment surface S24 and upper third flexure 
attachment surtace 833 by caps 815 and fasteners S17. Note that the second and third joint elements 
arc connected by two tirst flexure strips. diamctncalJy opposed (see FIG. 9.A.); only one of the first 
flexure stnps can be seen in FIG. 9B. 

FIG. 9B illustrates a degree of freedom of movement of the joint. As first flexure strips S22 
bend, second joint element 820 tilts. Note that this motion results in movement of leg axis S65 as 
shown. (Note that due to the nature of fle.wc strip distortion under load, there may be some displace- 
ment of one joint element with respect to the ne.xi in addition to the tilt described above.) Similarly, a 
second degree of freedom of movement is due to bending of the second flexure strips 4 not shown). 

FIG. 9C shows 3 prefened embodiment of the three degrees of freedom of movement flexural 
joint with rotation about the leg x\is 865. In FIG. 9C. first joint element SIO. second jo:ni element 
820. third joint element 830, fastener clearance holes 8:2. first flexure strip attachment surface SI4. 
caps SI 5, fasteners SIT, second flexure attachment surface S24. upper third flexure attachment surface 
S53. second flexure strips S34, lower third flexure smp anachmcnt surface 835 and leg axis S65 are 
shown. Leg 270 and first flexure strips 824. alont: with their caps and fasteners, arc omitted for the 
sake of clanrx-. Elements shown in FIG. are as m FIGS. and 9B. 

In FIG. 9C. the joint elements are connected zs^ described above for FIG. In addition, 
second flexure sir:p S34 fastened on t'lrst T.cxurc $\::p airachm-j.ni sunbce SI4 and lower third 
Hexure attachment surface 835 by caps iil5 und fasteners S:7, ,\'o:e :ha: the iirs; and third join: 
elements jrc connected by two second llcxurr >:rip>. a:;:nvjt:ic::iiy opDOSed ucc FIG. on;> one 
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FIG. ')€ illu«ra!s$ a third dsyrcs ot* irsedom o: movemeni ot ihc joint. As second ficxurs 
sifjps S.U bend and w is:, tor example as a reaction to a lorquc about leg a.%i$ S65. theiv is rotational 
mouon of second joint eiement S20 about leg a.xis 865. iNote that due to Ae nature of llexure strip 
distortion under load, there may be some displacement of one joint element «nth ivspect to the ne.w in 
addition to the rotauon described above.) 

Thus, as illustrated in HQ. 9B and HO. 9C. the joint has three degiees of ireedom of 
movement. It is noiewtjrthy m the abovx that stiffness of the jotm may be changed by altenng the 
lengths or maienal propenies of the flexure strips. Note also that the rotational movement of the joint 
will occur by t>visung and bending of both pain of flex smps: although, the Native amoum of 
twisting and bending will depend on the lengths and stillnesses of the two pairs of flexure strips. In 
the preferred embodiment most of the n»ristmg occurs m the longer second flexure strips (bodi sets of 
strips having the same stififhess). 

nCS. 9.A - 9C show a prefeired embodiment of the three degrees of freedom of movement 
flexural joint. In companson to the embodiment shown in FIG. 8A where the joint eiemenu arc both 
concentric and coaxial, the jotnt elements in this piefeired embodiment are coaxial, but not 
concentric. This contributes to fieedom of rotation about the leg axis by allowing for longer flexure 
strips. For a given flexibility about the leg axis, the prefentd embodiment shown in FIGS. 9.^ - 9C 
may be lighter and more compact than the embodiment shown in RG. 8a. where the joint elements 
are both coneentric and coaxial. Also, for some appUcauons it may be desirable to have both first 
attachment members 230 and second attachment members 260 (see FIG. 2A) with three degrees of 
freedom of motion and the configuration of the flexural joint shown in FIGS. 9A - 9C. 

The general design concept used for the three degrees of fieedom of motion joint sho^n in 
FIGS. 9A - 9C can be simplified to give a two degrees of freedom of motion joint: this two degrees of 
freedom of mooon joim is shown in FIGS, m - IOC. This joim can be used where only txvo degrees 
of freedom of motion are required. 

FIG. lOA shows an exploded perspective view of an embodimem of the xwo degrees o« 
freedom of movement flexural joint, in FIG. 10.\. first joint element SID. fastener clearance holes 
SI 2. first flexure strip anachment surfaces SM. first load bearing surface SI 6. first direction Slj:. 
second joint element S:o. second flexure anachment surfaces 824. second load bearing sunacc S2.- 
and second direcnon S2S. are shoxvn. .All ilcxure stnps are secured on flexure strip attachn^cnt 
surfaces SI4 and S24. (Flexure stnps and fastening means are omiucd from FIG. IDA for the sake of 
clarit>-.) The ilrst load beanng surface Sl6 ts the bottom surface of first joint element S!0. The f.rsc 
direction SIS is the direction normal to the first load hearing sunace. The second load bearing s;:r.ac. 
S26 IS the recessed surface of seco.nd jomt clement S20. The second direction S2S is the d.r.c::or. 
normal to the second load b.an.T^ ..urraa- I he .ccnj direction i.s opposiie lo the firs: dirccuor. 
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FIG lOB ^hous an embodimeni of che two detrrces of freedom of movemenc fle.\ural joini 
with till of iKe let* axis. In FIG. iOB. first joint element SIO. second joint element 820, Hrst flexure 
stnp attachment surface SI 4. caps SI 5. fasteners SI 7. first tlcxure stnps S22, second flexure scrip 
attachment sunace S24 and axis 865 are shov\'n. 
5 In FIG. iOB, the joint elements are connected as described above for HG. lOA. In addition, 

first tlexure stnps 822 are fastened on second flexure strip attachment surfaces S24 and first flexure 
strip anachment surfaces 814 by caps 815 and fasteners 817. Note that the first and second joint 
elements are connected by tu^o first flexure strips, diametrically opposed (see FIG. lOA): only one of 
the first flexure strips can be seen in FIG. IOB. 
10 FIG. IOB illustrates a degree of freedom of movement of the jomt. As Itrst flexure strips 822 

bend« second jomt element S20 tilts. Note that this motion results sn movement of axis 865 as shown. 
(Note that due to the nacure of flexure strip distortion under load, there may be some displacement of 
one joint element with respect to the next in addition to the tilt described above.) 

FIG. lOC shows an embodiment of the two degrees of freedom of movement flexural joint 
IS with rotation about the axis 865. In FIG. IOC. flrst joint element 810, second joint eternent S20. 
fastener clearance holes 812. first flexure stnp attachment surfiices 814, caps 815. fasteners $17, 
^ second flexure attachment surfaces S24« first flexure strips 822 and axis 865 are shown. Elements 

shown in FIG. IOC are as in FIG. IOB. 

FIG. IOC illustrates a second degree of freedom of movement of the joint. As first flexure 
20 strips S22 bend and vxisu for example as a reaction to a torque about axis 865. there is rotational 
motion of second joint element 820 about axis 865. (Note that due lo the nature of flexure strip 
distortion under load, there may be some displacement of one joint element with respect to the next in 
addition to the rotation descnbcd above.) Note that the first and second joint elements are connected 
by two first flexure strips, diametrically oppqsed tsee FIG. 10.A.K only one of the first flexure strips 
25 can be seen in FIG. IOC. 

Thus, as illustrated m FIG. IOB and FIG. IOC. the joint has two decrees of freedom oi' 
movement, li is noiewonhy in the above that stifthess of the joint may be changed by altering the 
length or material propenies of the flexure stnps. 

FIG. 2B shows a charged particle beam lithography system which is comprised or an 
30 embodiment of the present invention coupled with a vacuum system i vacuum-sealed frame 210 and 
vacuum pump 21 5 1 and a charged particle beam generator (charged panicle optics 295). The charged 
particles could be electrons in a preferred embodiment or ions in other embodiments. 

In FIG. 2B. the vacuum system mamuins a gas dcnsii>' wuhm the vacuum-scaled frame that 
^ allows a charged panicle beam to propagate without signitlcant charged particle scattering. Tn-j 

35 churged panicle oeam lithography system generates and controls at least one charged panicle beam 
:or writing oattem.^ on a >cmivonuucior wjicr .w well ai controiiing the position I'^f the at leasi or:.* 
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chari:ccl panicle beam relative to ihc wafer. Aii aipec: oi posiiioning of ihe ai least one charged 
particle beam relative to the vvaicr includes 2niculat:ng eicmenis of stage 200 according to this 
invennon. Note that the suge of this invention is panicuiariy well suited to a multiple column, 
multiple electron beam lithography system teach column having multiple electron beams), where 
5 columns are distributed over the area of die wafer allowing lithography with only minimal movement 
of the stage. 

The top surface of the platfonn should be capable of accommodating a semiconductor wafer 
with a diameter of at least 100 mm. and preferably a diameter of 300 mm. 

In a preferred embodiment a low*ma$s high precision suge capable of holding a 300 mm 
10 wafer weighs less than 100 lbs. This is achieved by optimizing the cngmcering design and using 
lightweight materials: the use of alumina-based ceramic for the platform 240 and legs 270 and 
relieving the backside of the reflective top (386) and side surfaces (385) of the platfonn arc described 
above. 

Preferred embodiments of the stage as described above are operated with the wafer at SOkV 
1 5 relauve to the frame, and could be operated at l30kV or higher. 

The foregoing descriptions of various embodiments of the invention have been presented for 
puiposes of illustration and description. It is not intended to limit the invention to the precise forms 
disclosed. Many modifications and equivalent arrangements will be apparent. 
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WHAT IS CLAIMED IS: 

1 . A siagc compnsini:: 
abase; ^. 
a frame attached to said base"! ' 

a platfonn with a bonom platfonn surface; 

at least three adjustable limbs coupled to said base and said bottom platform surface, each iimb 
comprising a raising member atuched to said base, a first attachment member attached to said raising 
member, a leg. a bonom end of said leg attached to said raising member, a second attachment member 
anached to a top end of said leg and said second attachment member attached to said bottom platform 
surface: and 

platform movement members coupled to said platform and said frame. 

2. The stage of claim 1. wherein each of said first attachment members have two degrees of freedom 
of movement. 

3. The stage of claim U wherein each of said first anachmcni members have three degrees of 
freedom of movement. 

4. The stage of claim 1, wherein each of said second attachment members have three degrees of 
freedom of movement. 

5. The stage of claim 2. wherem each of said second attachment members have three degrees of 
freedom of movement. 

6. The stage of claim i, wherein each of said second attachment members have two degrees of 
freedom of movement. 

7. The stage of claim 3. wherein each of said second attachment members have two degrees of 
freedom of movement. 

S. The stage of claim 1 . wherein said first attachmeni members are tlexural joims. 

^. The stage of claim 1. wherein said firsi aitachmeni members are flc.xural thrust jomis. 

10. The s:aue ot'ciami I. wherein said second atrachmcni members arc tlexural loinis 



wo 01/33232 PCT/USOO/41887 

1 1 . The sxx^t of claim I . wherein said second acuchment members are flexural thrust jomts. 

12. The suge of claim S. wherein said second attachment members are flexural joints. 

13. The suge of claim 9, wherein said second attachment members are flexural thrust joints. 

14. The stage of claim K wherein said platform movement members comprise at least three plarform 
actuators. 

13. The stage of claim 14, wherein at least one of said platform acnxators is an electromagnetic 
platform actuator. 

16. The stage of claim 15, wherein said electromagnetic platfoms actuator comprises: 
a first coil attached to said platform: 

a first magnet assembly attached to said frame and electromagnetically coupled to said first coil; 

and 

a cuiTcnt cOTtroI system electrically coupled to said first coil. 

17. The stage of claim 16. further comprising a cooling system and cooling channels thermally 
coupled to said coil. 

18. The stage of claim 17, wherein said cooling system and cooling channels maintain a plaliomi 
reference temperature to within +/- 0.1 degrees Celsius. 

19. The stage of claim 1, wherein said raising members are support elements, providing a force to 
oppose the weight of said platform. 

20. The stage of claim 19, wherein said support elements are constant force suppons. 

21. The stage of claim 20, wherein said constant force supports arc buckled columns. 

22. The stage of claim L wherein said raising members are raising actuators, allowing adjustment of 
the elevation of said platform relative to said base, 

23. The stage of claim 22. wherein 21 least one of .said raising actuators is an cleciromagnciic r.ii3in- 
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actuator. 

24. The stage of claim 23» wherein said electromagnetic raising actuator comprises: 
a second coil attached to said base; 

a second magnet assembly attached to one of said first attachment members and clectromag- 
netically coupled to said second coil; and 

a current controller electrically coupled to said seccmd coil. 

25. The stage of claim I, wherein said raising members arc damping elements. 

26. The stage of claim U wherein each raising member is a support element m parallel with a raising 
actuator. 

27. The stage of claim 1. wherein each raising member is a suppon element in parallel with a 
damping element. 

28. The stage of claim I, wherein each raising member is a damping element in parallel with a raising 
actuator. 

29. The stage of claim 1, wherein each raising member is a suppon clement, a damping clement and a 
raising actuator, all in parallel. 

30. The stage of claim I, wherein said legs are substantially parallel to each other. 

31. The stage of claim 1, wherein said platform is substantially electrically insulating. 

32. The stage of claim 1, wherein said legs are substantially electrically insulating. 

33. The stage of claim 1, wherein said frame is a \'acuum chamber. 

34. The stage of claim 1. wherein said platform has a cop surface capable of accommodatmg a wafer 
with a diameter of at least 100 mm. 

35. The stage of claim I. wherein said platform has a cop surface capable of accommodating a warer 
with a diameter of 300 mm. 
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36. The suge of cbim 35. wherein the weight of said stage is less than 100 lbs. 

37. A stoge comprising: 
a base: 

a frame attached to said base: 

a platfonn with a bonom platfonn suHkce: 

three substantially parallel adjustable limbs coupled to said base and said bottom platform surface, 
each limb comprising a raising member attached to said base, where said raising member is a constant 
force support in parallel with an electromagnetic raising actuator, a tlrst tlexural thrust joint with three 
degrees of freedom of movement attached to said raising member* a leg« a bottom end of said leg 
attached to said first fle.xural thrust joint* a second flexural thrust joint with two degrees of freedom of 
moventent attached to a top end of said leg and said second flexural thrxist joint attached to said 
bottom platform surface; and 

four electromagnetic platform actuators coupled to said platform and said frame, whereby 
coordmated operation of both raising actuators and platform actuators provides precise positioning 
aiu) movemetU of said platform with six degrees of freedom. 
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